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Edited by Vladimir SkulachevAbstract Little is known about the precise physiological roles
of uncoupling protein 1 (UCP1) homologs (UCP2, UCP3, avian
UCP) whose levels are up-regulated during fasting. UCPs in
skeletal muscle are thought to play a role in the regulation of lip-
ids as fuel substrates, and/or in controlling the production of
reactive oxygen species (ROS). The aim of this investigation,
using skeletal muscle from fasted chickens, was to examine alter-
ations in the expression of genes encoding for avian UCP and
key enzymes relevant to lipid ﬂux across the mitochondrial
b-oxidation pathway. We also clariﬁed whether an increase in
avUCP content could be associated with altered ROS production
by mitochondria. Transcription levels of avUCP and CPT-I
genes were increased 7.7- and 9.5-fold after a 24 h fast and
slightly diminished but remained about 5.0- and 7.7-fold higher
than baseline levels, respectively, after 48 h of fasting. In con-
trast, members of the b-oxidation pathway, LCAD and
3HADH, were gradually up-regulated from 12 to 48 h of fasting.
This suggests that processes involved in the transfer and oxida-
tion of fatty acids are up-regulated diﬀerently during the initial
stage of fasting. Analysis of ROS production by lucigenin-de-
rived chemiluminescence showed that the FFA-sensitive portion
of carboxyatractyloside-upregulated ROS production was great-
er in skeletal muscle mitochondria from 24 h-fasted chickens
compared with control, which leads us to postulate that ROS
production is potentially down-regulated by UCP. The possible
involvement of a backlog of fatty acid for oxidation, observed
in chickens after a 24 h fast, in a transmembrane gradient of free
non-oxidized fatty acids is also discussed.
 2006 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Uncoupling proteins (UCPs) belong to a family of trans-
porter proteins present in the mitochondrial inner membrane.
By dissipating the mitochondrial proton gradient these pro-
teins uncouple respiration from ATP synthesis [1]. UCP1 is
present mainly in brown adipose tissue (BAT), which is the
major site of regulatory thermogenesis in small rodents [2].
Five additional uncoupling protein homologs, UCP2-4, brain
mitochondrial carrier protein type 1 (BMCP 1) and kidney
mitochondrial carrier protein 1 (KMCP 1), have been identi-
ﬁed to date. UCP2 is expressed ubiquitously [3], while UCP3
gene expression is seen in skeletal muscle, adipose tissue and
heart [4,5]. UCP 4, BMCP 1 and KMCP 1, all of which have
recently been identiﬁed [6–8], are expressed primarily in the
brain and other neural tissues and within kidney cortex.
It is now accepted that UCP1 is a key molecule in thermo-
genesis, in particular cold- and diet-induced heat production
[9,10]. In contrast, less is known of the physiological roles of
mammalian UCP2 and UCP3. It is thought that they might
play a role in the mediation of thermogenesis, in the regulation
of lipids as fuel substrates, in the control of insulin secretion,
and/or in controlling the production of reactive oxygen species
(ROS) (see for recent reviews [11–13]). UCP2 and UCP3
mRNA levels are modulated by fasting [14,15] and by re-feed-
ing [16]. Feed deprivation increases skeletal muscle gene
expression of UCP2 and UCP3 through the elevation of free
fatty acid [FFA] concentrations in the serum [14]. A recent
study [17] indicated a close association between fasting-in-
duced changes in UCP2 and UCP3 gene expression with those
of key regulators of lipid oxidation, which is consistent with
the hypothesis that these UCP homologs may be involved in
the regulation of lipid metabolism. On the other hand, consid-
ering the concept of mild uncoupling as a line of antioxidant
defense [18], and that minor UCPs might mediate this uncou-
pling [19], one can speculate that enhanced UCP levels in
fasted animals would provide an antioxidant function. More
speciﬁcally, it was proposed that UCP3 functions as a regula-
tor of mitochondrial ROS scavenging under fasting conditions,
during which oxidative stress may be expected to be increased
[20], i.e. the role of UCP3 may be to increase uncoupling and
commensurate O2 consumption, even during state 4 condi-
tions, thereby minimizing ROS production. This is supported
by a more recent hypothesis for the main, ancestral function
of UCP2 and UCP3, that being to cause mild uncoupling
and so diminish mitochondrial superoxide production [21].blished by Elsevier B.V. All rights reserved.
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UCPs might progressively change, thus making UCPs key reg-
ulators of lipid oxidation and/or of ROS scavenging in animals
during fasting.
Although bird species have no distinct stores of BAT or a re-
lated type of thermogenic tissue [22,23], a new protein, named
avian UCP (avUCP), which shares a 71–73% amino acid iden-
tity with both UCP2 and UCP3, was identiﬁed in chicken
skeletal muscle [24,25]. Increased expression of avUCP in
cold-acclimated ducklings [24], chickens [25] and king pen-
guins [26] has been demonstrated. Moreover, we also reported
the negative correlation between avUCP content and mito-
chondrial superoxide production in chicken skeletal muscle
during acute heat stress [27]. It was reported that, as in mam-
malian UCP, avUCP is up-regulated during feed deprivation
[28,29]. Because skeletal muscle tissue, in birds and in large
mammals whose BAT decreases with development, may play
a signiﬁcant common role in controlling metabolic ﬂux under
conditions of nutritional stress [30], studies of avUCP involve-
ment in mitochondrial function in chicken skeletal muscle dur-
ing fasting are of particular interest.
In order to provide further insight into the physiological role
of enhanced avUCP in fasted chickens, we investigated the pro-
gressive alteration with fasting in the expression of genes encod-
ing for mitochondrial protein UCPs along with transcripts for
key enzymes relevant to lipid ﬂux across the mitochondrial
b-oxidation pathway. Further to this, a possible role of UCP
in down-regulating mitochondrial superoxide production in
the skeletal muscle of fasted chickens was also studied.2. Materials and methods
2.1. Animals and experimental design
Male white leghorn chicks (Julia) were obtained from a commercial
hatchery (Koiwai Farm Ltd., Iwate, Japan) at 1 day of age. The chicks
were housed in electrically-heated batteries and provided with water
and commercial starter diet ad libitum for 4–5 weeks. Birds used in
experiments were selected from a 2-fold larger population in order to
obtain uniform body weights; these experimental birds were kept in
wire-bottomed cages under conditions of controlled temperature
(25 ± 1 C) and continuous light.
In the ﬁrst series of experiments, six chickens (388 ± 12 g) were used
for determination of the time course of plasma glucose and non-ester-
iﬁed fatty acid (NEFA) concentrations as a function of fasting time.
Wing vein blood samples were taken at 0, 12, 24, and 48 h after the com-
mencement of fasting. In a second series of experiments, to clarify the
alteration of skeletal muscle target mRNA expression and mitochon-
drial enzyme activities, 20 randomly selected chickens (360 ± 14 g) were
maintained in 5 groups of 4 animals, for 0, 12, 24, or 48 h, respectively,
from the beginning of fasting. In a third series of experiments, for the
estimation of mitochondrial superoxide production and the determina-Table 1
Sequences for real-time PCR primers
Gene Sense primer (5 0-30) Antisense primer (50-3
avUCP ACTCTgTgAAgCAgCTCTACACC ATgTACCgCgTCTTC
CPT-I AAgggTACAgCAAAgAAgATCCA CCACAggTgTCCAAC
3HADH CTTggTgCCATATATggAAg CTTCTACCAgTTTA
LCAD CAgTgACTTgCAAggAgTACggA AgCCTCTCggTTTgT
CS AgggATTTCATCTggAACACACT CACCgTgTAgTACTT
18s rRNA TAgATAACCTCgAgCCgATCg gACTTgCCCTCCAA
avUCP: avian uncoupling protein, CPT-I: carnitine-palmitoyl-transferase-I,
CoA dehydrogenase, CS: citrate synthase.tion of avUCP protein content, 22 chickens (303 ± 20 g) were separated
into two groups of equal number (0, 24 h of fasting). All birds were pro-
vided with free access to water. They were killed by decapitation and the
pectoralis muscles rapidly excised. This method of killing was used in
preference to overdose by general anesthesia, which is known to uncou-
ple oxidative phosphorylation [31]. For mRNA analyses, muscles were
frozen, powdered in liquid nitrogen, and stored at80 C until required
for the extraction of total RNA. For isolation of mitochondria, muscles
were placed in ice-cold isolation buﬀer A (see below). All experiments
were performed in accordance with institutional guidelines concerning
the care and use of animals.
2.2. Blood glucose and NEFA analysis
Blood samples were centrifuged at 700 · g for 10 min. Plasma glu-
cose and NEFA concentrations were quantiﬁed using the Glucose
CII-test and NEFA C-test (Wako Pure Chemical Industries, Osaka,
Japan), respectively.
2.3. Quantitation of mRNA using real-time PCR
2.3.1. General methods. Standard molecular biological techniques
were used, essentially as described by Sambrook et al. [32]. Tissues
were homogenized in Trizol-Reagent (Invitrogen Gibco-BRL, Bethes-
da, MD, USA) and total RNA isolated according to the manufac-
turer’s protocol.
To study progressive alterations in the expression of skeletal muscle
target genes, that is, avUCP and fatty acid oxidation-related genes
(CPT-I: carnitine-palmitoyl-transferase-I; 3HADH: 3-hydroxyacyl
CoA dehydrogenase; LCAD: long-chain acyl CoA dehydrogenase;
and CS: citrate synthase), real-time reverse transcription-polymerase
chain reaction analysis was performed using the iCycler iQ Real Time
Detection System (Bio-Rad Laboratories, Hercules, CA). Five micro-
grams of total RNA, prepared using Trizol-reagent (Invitrogen, San
Diego, CA, USA), was reverse transcribed using a mixture of oli-
go(dT)12–18 and random primers, and M-MLV reverse transcriptase
(Invitrogen, San Diego, CA, USA). One microliter of each RT-reaction
then served as a template in a 50 ll PCR reaction containing 2 mM
MgCl2, 0.5 lM of each primer and 0.5X SYBR green master mix
(Bio Whittaker Molecular Applications). SYBR green ﬂuorescence
was detected at the end of each cycle to monitor the amount of PCR
product formed during that cycle. At the end of each run, melting curve
proﬁles were determined. Oligonucleotide sequences of sense and anti-
sense primers and annealing temperatures are shown in Table 1. The
speciﬁcity of the ampliﬁcation product was veriﬁed by electrophoresis
on a 0.8% agarose gel following a check of the DNA sequences. Results
are presented as the ratio of each gene to 18s rRNA to correct for dif-
ferences in the amounts of template DNA used.
2.4. Isolation of mitochondria and assay of 3HADH activity
Muscle subsarcolemmal (SS) mitochondria were isolated from mus-
cle tissue according to our previously reported methods [25]. Muscles
were trimmed of fat and connective tissue, blotted dry, weighed and
then minced with scissors. The minced tissue was suspended in ice-cold
buﬀer A (containing 100 mM sucrose, 50 mM tris (hydroxymethyl)
aminomethane (Tris) base, 5 mM MgCl2, 5 mM ethylene glycol-bis-
(b-aminoethylether)-N,N,N 0,N 0-tetra acetic acid (EGTA), 100 mM
KCl, pH 7.4) and homogenized with a Potter-Elvehjem homogenizer
(5 passages). The homogenate was then centrifuged at 800 · g for
10 min. The supernatant was centrifuged at 1000 · g for 10 min and0) Fragment
size (bp)
Annealing
(C)
GenBank Accession
Number
ACCACATC 433 65 AB088685
AATAggAg 284 63 AY675193
TCCAggAg 230 65 CD215336
AACCgTAA 136 65 XM_421861
CATCTCCCT 282 64 BG712956
TggATCC 312 63 AF173612
3HADH: 3-hydroxyacyl CoA dehydrogenase, LCAD: long-chain acyl
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Fig. 1. Changes in plasma NEFA (A) and glucose (B) concentrations
in chickens during fasting. Values are means ± SE (represented by
vertical bars) for 6 chickens per group. abcP < 0.05 compared among
groups for diﬀerent fasting times.
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dria, was suspended in buﬀer A and re-centrifuged at 8700 · g for
10 min. On this occasion, the resulting pellet was re-suspended in buf-
fer B (containing 250 mM sucrose, 20 mM Tris base, 1 mM EGTA, pH
7.4) and then washed by centrifugation at 8700 · g for 10 min. The
ﬁnal SS mitochondrial pellet was suspended in a minimal volume of
buﬀer B and kept on ice.
All procedures were carried out at 4 C. Mitochondrial protein con-
centration was measured by the Lowry method. For enzyme assays
and Western blots, mitochondria were stored at 80 C until required.
3HADH activity was measured according to the method of Bradshaw
et al. [33].
2.5. Lucigenin-derived chemiluminescence (LDCL) method for the
measurement of mitochondrial superoxide production
The LDCL method using a Berthold luminometer was performed
[34] to measure O2 produced by the skeletal muscle mitochondria har-
vested from the pectoralis muscles of 0 or 24 h fasted chickens. The
reaction conditions were as follows: 70 mM sucrose, 220 mM manni-
tol, 2 mM HEPES (pH 7.4), 2.5 mM potassium phosphate, 0.5 mM
EDTA, 10 mM glutamate, 5 mM malate, 20 lM lucigenin, and
0.5 mg/ml mitochondria. This concentration of lucigenin has been
shown to be non-redox cycling [35]. After recording background
LDCL for 4 min, the assay was initiated by the addition of substrate
(glutamate and malate). LDCL was recorded at 2 s intervals for
5 min and the data expressed as the area under the curve calculated
by integration. In another set of experiments, 20 lM palmitate and/
or 5 lM carboxyatractyloside (CAT) were added to the mitochondrial
suspension to determine the eﬀect of mitochondrial anion carriers on
superoxide production.
2.6. Quantiﬁcation of avUCP protein using Western blotting
SS mitochondria isolated from the pectoralis muscles were solubi-
lized (75 lg mitochondrial protein) in Tris–HCl buﬀer (1 mM ED-
TA Æ Na2, 2.5% SDS, 5% mercaptoethanol pH 8.0) and boiled for
3 min. Electrophoresis (SDS–PAGE) was carried out using a 5% poly-
acrylamide stacking gel and 14% polyacrylamide resolving gel. After
separation by electrophoresis, proteins were transferred to a Pure
Nitrocellulose Membrane (0.2 lm Bio-Rad) (100 mA, 80  100 V,
1.5 h). Membranes were treated with blocking buﬀer (7% skim milk,
0.1% Tween 20 in 1·PBS) for 1 h at 25 C. A PBS solution containing
7% skim milk was used to incubate membranes with antibodies in Wes-
tern blot experiments. Avian UCP proteins were tagged with a poly-
clonal antibody recognizing avUCP [27] at a dilution of 1:200 (4 C
overnight). Binding speciﬁcity of the antibody was conﬁrmed by the
addition of recombinant avUCP to the PBS solution, leading to disap-
pearance of the speciﬁc signal in Western blot experiments. After rins-
ing in PBS solution containing 0.1% Tween 20, membranes were
incubated for 1 h (25 C) with horseradish peroxidase-conjugated goat
anti-rabbit secondary antibody at a dilution of 1:5000 (Bio-Rad). After
ﬁve washes in PBS containing 0.1% Tween 20, the strips were incu-
bated in substrate solution (ECL kit, Amersham Bioscience) for 5–
10 min and exposed to Kodak XAR-5 ﬁlm for 1–10 min. Protein sizes
were estimated by using pre-stained, molecular-mass standards (Bio-
Rad). Immunoreactive avUCP protein levels were quantitatively deter-
mined by densitometry using NIH image software.
2.7. Statistical analyses
Data were analyzed using the statistical analysis system [36]. Means
within a group were compared using Duncan’s least signiﬁcance multi-
ple-range test for the results from the plasma energy source, gene
expression and enzyme activity analyses. For comparisons of superox-
ide production and UCP protein content from fasted and control
groups, diﬀerences between groups were assessed by the Student’s t-
test for unpaired data. All data are expressed in the form of
mean ± standard error (S.E.). Diﬀerences were considered signiﬁcant
for values of P < 0.05.3. Results
3.1. Changes in plasma NEFA and glucose concentrations
As shown in Fig. 1A, plasma NEFA concentrations in-
creased rapidly to 3-fold that of time 0 levels after 12 h of fast-ing (control chickens, 0.21 ± 0.036 mEq/l; fasted chickens,
0.695 ± 0.102 mEq/l; P < 0.05), reached maximum levels at
24 h, and thereafter gradually decreased (P < 0.05). On the
other hand, plasma glucose concentrations slowly decreased
from 12 to 24 h but had returned to baseline levels after 48 h
of fasting (Fig. 1B).
3.2. Eﬀect of fasting on avUCP mRNA expression in pectoralis
muscle and on avUCP protein content of mitochondria
Fig. 2A shows the results of fasting-induced alterations in
the level of avUCP mRNA in the pectoralis muscle, as ob-
tained by real-time PCR. Levels of avUCP mRNA were signif-
icantly increased, up to 7.7-fold, after 24 h of fasting and then
decreased slightly but remained about 4.5-fold higher than
baseline at 48 h. As shown in the Western blot in Fig. 2B,
the avUCP protein content of SS mitochondria isolated from
the pectoralis muscle increased approximately 2-fold in 24 h-
fasted chickens. This ﬁnding is interesting given that the
increase in mRNA levels seen here does not correspond to a
similar increase in protein levels.
3.3. Progressive alterations in expression of FA oxidation-
related genes and 3HADH activity
Expression of fatty acid oxidation-related genes (CPT-I,
3HADH, LCAD, CS) in the skeletal muscle of control and
fasted birds was analyzed by real-time PCR (Fig. 3). Com-
pared to baseline levels, CPT-I mRNA levels increased
approximately 9.5-fold (P < 0.05) after 24 h of fasting and then
diminished slightly, but still remained approximately 7.7-fold
higher than baseline after 48 h of fasting. Levels of 3HADH,
LCAD and CS genes increased gradually throughout the fast-
ing period. Fig. 4 shows that 3HADH activity in mitochondria
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Fig. 2. Alteration in the expression of avUCP transcript in skeletal
muscle (A) and avUCP protein content of muscle SS mitochondria (B)
in control and fasted chickens. (A) Values for avUCP expression are
means ± SE (represented by vertical bars) for 4 chickens per treatment.
Results of real-time RT-PCR were normalized to 18s rRNA levels.
abP < 0.05 compared among groups for diﬀerent fasting times. (B)
Values for UCP contents are means ± SE (represented by vertical bars)
for 3 chickens per treatment. Western blot analyses of mitochondrial
protein (75 lg) were performed as described in Section 2. *P < 0.05 for
fasted-group vs. control group.
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48 h of fasting, being about 1.8-fold higher than baseline levels.
3.4. Control of superoxide anion production in skeletal muscle
mitochondria
The results of LDCL experiments on mitochondria isolated
from the pectoralis superﬁcialis of 0 h and 24 h fasted chickens
are shown in Fig. 5. If one accepts Skulachev’s hypothesis [37],
which assumes translocation of FFA anions by inner mem-
brane proteins (Fig. 5A), FFA-mediated uncoupling could re-
duce mitochondrial superoxide production attributable to the
action of adenine nucleotide translocator (ANT) and UCP.
On this basis inhibitory-stimulatory studies controlling super-
oxide anion production were performed (Fig. 5B). No signiﬁ-
cant diﬀerences in superoxide anion production from isolated
mitochondria were observed between 0 h and 24 h in fasted
chickens. The addition of CAT, a speciﬁc inhibitor of ANT,
to the reaction medium containing mitochondria enhanced
superoxide anion production in mitochondria both from con-
trol and 24 h-fasted chickens since CAT should eliminate the
inhibitory eﬀect normally provided by ANT on superoxide
anion production. The addition of FFA to the reaction buﬀerreduced the CAT-mediated upregulation of superoxide anion
production. The reduction might be due to FFA-mediated
uncoupling distinct from the eﬀect of ANT, such as that due
to UCP activity. CAT-upregulated superoxide anion produc-
tion was thus calculated as the diﬀerence in area described
by the LDCL signal obtained in the presence and absence of
CAT (Fig. 5C; a, c as shown in B). FFA-sensitive, but CAT-
independent superoxide anion production was determined as
the diﬀerence between CAT- and CAT + FFA-containing
reaction media (Fig. 5D; b, d as shown in B). CAT-upregu-
lated superoxide production, associated with ANT-dependent
uncoupling activity, was similar for the control and fasted
groups (Fig. 5C), while the CAT + FFA treated medium de-
pressed superoxide production to a greater extent in fasted
than in control chickens (P < 0.05; Fig. 5D). This FFA-sensi-
tive portion of CAT-upregulated superoxide production is
attributable to the eﬀect of avUCP activity, which was higher
in mitochondria from the 24 h-fasted chickens compared with
control.4. Discussion
There is still much to be learnt regarding the physiological
roles of the UCP1-homologs (UCP2, UCP3 and avUCP). It
has been proposed that they might play a role in the mediation
of thermogenesis, in the regulation of lipids as fuel substrates,
in the control of insulin secretion, and/or in controlling the
production of ROS [27,38]. Signiﬁcant upregulation of
UCP-3 expression occurs in skeletal muscle and adipose tissue
in individuals undergoing fasting [39]. A positive correlation of
UCP-3 gene expression with plasma FFA levels, which are
known to increase as a result of stored fat lysis under fasting
conditions, has been reported [40,41]. These studies indicated
that UCP-3 is involved in the utilization of stored fat under
fasting conditions. In fact, Dulloo’s group demonstrated a
close association between fasting-induced changes in UCP2
and UCP3 gene expression with those of key regulators of lipid
oxidation, being consistent with the hypothesis that these UCP
homologs may be involved in the regulation of lipid metabo-
lism [17].
Despite what we know about UCP variants, more informa-
tion is required about how they may be involved in lipid
metabolism during fasting. The results presented here demon-
strate that alterations take place to gene transcription levels for
enzymes involved in regulation of the fatty acid pathway; these
alterations occur in two time-dependent patterns. Gene tran-
script levels for enzymes in the mitochondrial b-oxidation
pathway, LCAD and 3HADH (which act on the fatty acyl-
CoAs to generate FADH2 and NADH) were up-regulated
slowly to 24 h and increased still further from 24 to 48 h of
fasting. In contrast, transcripts for avUCP and CPT-I (which
determines whether the fatty acyl-CoAs are transferred into
the mitochondria for subsequent oxidation) were enhanced
markedly after 24 h of fasting, and remained high at 48 h.
These results are in agreement with the results of Dulloo’s
group [17], which indicated that in response to fasting, mRNA
levels of UCP2, UCP3, CPT-I and medium-chain acyl-CoA
dehydrogenase are markedly increased in the gastrocnemius
and tibialis anterior (fast-twitch muscles) in 48 h-fasted mice.
However, our ﬁndings extend this to include gene-dependent
changes of expression occurring in a 24 h fast, such as those
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LCAD and 3HADH in the b-oxidation pathway increased
gradually. This observation suggests that the processes in-
volved in the transfer and oxidation of fatty acids are up-reg-
ulated diﬀerently during the initial stage of fasting, inevitably
resulting in the accumulation of fatty acid in the mitochondrial
matrix. The ﬁnding that there was a backlog of fatty acid for
oxidation observed after a 24 h fast prompts the hypothesis,
proposed by Himms-Hagen and Harper [42], that UCP3 func-
tions in concert with mitochondrial thioesterase I (whichcleaves activated long-chain fatty acids to their corresponding
FFAs and CoA-SH) to remove FFA anions from the matrix
by transporting them across the inner membrane. Assuming
that a steady state exists for the transmembrane gradient of
free non-oxidized fatty acids, one has no choice but to postu-
late the occurrence of both protonation of fatty acid anions on
the outer surface of the inner membrane and subsequent
downhill ﬂip-ﬂopping of protonated fatty acids from the outer
to the inner membrane leaﬂet, as demonstrated by Skulachev
[37].
This postulation leads us to advance the idea that in the
‘fatty acid acting as a cycling protonophore’ model, mild
uncoupling would decrease mitochondrial production of
ROS [43,44]. The present data demonstrate that the FFA-sen-
sitive, but CAT-unregulated superoxide anion production at
24 h was much larger than that seen at time 0 (Fig. 5D; b, d
in B), though baseline levels of superoxide anion production
were not changed in mitochondria from 24 h fasted chickens
(Fig. 5B). This is because b-oxidation might have not been
strong enough to overproduce ROS and/or because a small
amount of endogenous FFA might have been present in the
mitochondria to depress the production of ROS. In any event,
it seems that this larger reduction of the FFA-sensitive portion
of CAT-upregulated superoxide production may correspond
to the enhanced protein expression of avian UCP in the skele-
tal muscle mitochondria at 24 h. Thus, in response to the
prompt increase in plasma fatty acid levels following fasting,
deprotonated fatty acid as a mediator for mild uncoupling
may come from the fatty acid backlog for oxidation. Besides
avUCP, other mitochondrial anion carriers, namely the aspar-
atate/glutamate antiporter, and the dicarboxylate carrier could
be involved in the fatty acid-mediated uncoupling; this is not
only for structural reasons, but also because of their ability
to translocate Cl, pyruvate, and other monoanions [45]. It
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Fig. 5. LDCL analysis of SS mitochondria isolated from skeletal muscle (pectoralis superﬁcialis) from control or 24 h-fasted chickens. (A)
Skulachev’s hypothesis assumes translocation of FFA anions by inner membrane proteins; this is accompanied by dissociation of the membrane
potential and a concomitant decrease in the production of superoxide anions by mitochondria. CAT, a speciﬁc inhibitor of ANT, should enhance
superoxide anion production by eliminating the suppressive eﬀect of ANT. (B) LDCL was monitored continuously for 5 min after incubation of
mitochondria from control and 24 h-fasted chickens with lucigenin (20 lM) for 5 min. In another set of experiments, 20 lM palmitate as a FFA and/
or 5 lM CAT were added to the mitochondrial suspension to determine the eﬀect of mitochondrial anion carriers on superoxide anion production.
Data obtained from the integrated area under the LDCL curve are expressed as a ratio of mitochondrial protein. Values represent the mean ± SE
(represented by vertical bars) of data from 4 to 10 chickens. (C) CAT-upregulated superoxide anion in both mitochondria from control (a) and 24 h-
fasted (c) chickens were calculated as the diﬀerence in area under the LDCL signal output for mitochondria incubated in the presence and absence of
CAT. (D) The FFA-sensitive portion of CAT-upregulated superoxide anion production in mitochondria from control (b) and 24 h-fasted (d)
chickens was measured as the diﬀerence between CAT addition and CAT plus FFA treatments. *P < 0.05 compared between control and 24 h-fasted
groups.
4820 T. Abe et al. / FEBS Letters 580 (2006) 4815–4822is most conceivable that promptly expressed avUCP in the
skeletal muscle of 24 h-fasted chickens may stand by to allevi-
ate the subsequent mitochondrial ROS formation, although
the possibility of involvement of those latter-mentioned carri-
ers cannot be entirely excluded from our interpretation of the
present result.
Generally, the reduction of ROS production via UCP can be
attributed to the capacity of this protein to catalyze milduncoupling, which stimulates proton leak and decreases ROS
production. However, it has been reported that rodent fasting
is a physiological condition in which the higher level of UCP3
does not correspond an increase of mitochondrial proton con-
ductance [46], probably due to the eﬀect of 0.3% BSA in the
reaction medium without any UCP3-stimulators, such as
FFA or HNE, and/or to the reduced levels of CoQ, a cofactor
crucial to show UCP-mediated uncoupling [47]. In the LDCL
T. Abe et al. / FEBS Letters 580 (2006) 4815–4822 4821method, it should be emphasized that addition of GDP initi-
ated the physical quenching of LDCL according to the amount
of GDP in our assay system, so that the speciﬁc enhancing of
ROS production cannot be detected. However, even though
GDP-inhibited proton conductance would be observed more
in muscle mitochondria from fasted animals, ANT might still
participate in part to this inhibitory eﬀect [48]. Certainly, for
avUCP as well as UCP3, much work needs to be done to ﬁnal-
ize conclusions concerning the direct uncoupling activity.
Among the most important problems to be resolved are the di-
rect measurement of avUCP protein concentrations in the
mitochondria of skeletal muscle, isolation of recombinant pro-
tein and the reconstitution in proteoliposomes, elucidation of
the stimulatory eﬀect of the fatty acids, and analysis of the
inhibitory eﬀect of purine nucleotides on the uncoupling.
Nevertheless, the results presented here allow us to conclude
that mitochondrial transport and oxidative processing of fatty
acid following increases in plasma FFA are regulated diﬀerently
in the fasting state. This leads us to postulate that the backlog of
fatty acid for oxidation observed after a 24 h fast may act as a
cycling protonophore involved in the down-regulation of mito-
chondrial superoxide production, possibly via UCP.
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